INTRODUCTION
G-quadruplex (G4) is a four-stranded structure of nucleic acids, consisting of a G•G•G•G tetrad (G-tetrad) core and loops (1) (2) (3) (4) (5) . G4 structures are highly diverse with different possible relative strand orientations in the G-tetrad core (parallel or non-parallel): four strands are oriented in the same direction; three strands are oriented in the same direction and one oriented in the opposite direction; or two strands oriented in the same direction and the two other oriented in the opposite direction (6) .
Potential G4-forming sequences are prevalent in many important regions of the human genome (7) . G4s have been observed in human cells (8, 9) and are associated with essential cellular processes such as replication, recombination, transcription and translation (7, 10, 11) . Interaction with proteins is required for the cellular functions of G4s and proteins that interact with G4s have been increasingly identified (12) . For example, helicases, such as BLM (13) , FANCJ (14) , PIF1 (15) and RHAU (16) , have been shown to bind and unwind G4 structures.
Structural studies on G4-protein binding have been attempted by different groups. Computational studies showed that a G4 could fit into a protein cavity of HIV-integrase (17) and RecA protein (18) . In an NMR-guided simulation, a Nucleophosmin domain was docked into a G4 groove (19) . Limited available high-resolution structures of G4-protein complexes did not show direct contacts between the proteins and the G4 core; the binding was either dependent on a loop (20, 21) or a duplexquadruplex junction formation (21, 22) . Recently, NMR and simulation studies reported on a complex, where two anti-prion peptide molecules bound at the two ends of an RNA G4 stack, driven by water entropy gain (23) . However, from the studies reported to date the structural basis for specific G4 recognition by proteins has not been fully understood.
RHAU, a helicase of the DEAH-box family, has been shown to tightly bind and resolve G4 structures with high specificity (16) . RHAU is associated with different functions, including the formation of stress granules, interchromatin granule clusters and the degradation of urokinase plasmonigen activator mRNA (24) . RHAU was found to associate with telomerase through binding to the G4 formed at the 5'-end of the telomerase RNA (25) . The 53-amino-acid fragment (from residue 53 to residue 105) of RHAU (termed Rhau53 in this paper, Table 1 ) binds specifically to G4s. A 13-amino-acid RHAU-Specific Motif (RSM) (from residue 53 to residue 66) has been identified to be essential for the binding (25) . SAXS data suggested that Rhau53 binds at an end of a G4 (26) .
Here we report the NMR solution structure of a complex formed between a G4 and a peptide from the N-terminal region of RHAU, revealing general principles for specific recognition of G4s by RHAU.
RESULTS AND DISCUSSION

Rhau53 binds preferentially to parallel G4
Binding of Rhau53 with different DNA and RNA sequences ( Table 2 ) was tested by gel electrophoresis experiments. The data show that Rhau53 binds to the parallel G4 formed by the T95-2T sequence (27) (Fig. 1A) but not the non-parallel G4 formed by the human telomeric sequence Htelo1 (28) (Fig. 1B) . However, under molecular crowding condition, Htelo1 shows an additional upper band corresponding to the parallel G4 form (Fig. 1C) (29, 30) , which binds Rhau53 (Fig. 1C) . Similar results were observed for different human telomeric G4 conformations (SI Appendix, Fig.  S1 ). Quantitative gel analysis (SI Appendix, Fig. S2) shows that the binding affinity of Rhau53 to parallel G4s formed by either Significance G-quadruplexes (G4) are four-stranded nucleic acid structures implicated in important biological processes. Interaction between G4 and proteins is essential for the cellular functions of G4. The DEAH-box helicase RHAU (also named DHX36 or G4R1) specifically binds and unwinds G4 structures. Here the structure of an 18-aa peptide, identified as the G4-binding domain of RHAU, was solved in the complex with a G4 by NMR spectroscopy. The structure of the complex explains how RHAU specifically recognizes G4 structures and suggests a strategy for G4 recognition by proteins. 
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Assays on different nucleic acid conformations (SI Appendix,
Minimal G4 binding domain of RHAU Backbone 15 N, 13 C and 1 H resonances were assigned for Rhau53 in the free form and in complex with an excess of T95-2T ( Fig. 2A) . Upon complex formation, the chemical shifts of the first 21 amino acids of Rhau53 were largely perturbed, while no significant changes were observed for the rest of the sequence ( Fig. 2B; SI Appendix, Fig. S6) , suggesting that the G4-binding of Rhau53 is limited to the first 21 amino acids. Binding assays (SI Appendix, Fig. S7 ) were performed between T95-2T and peptides of different lengths ( Table 2 ). The 16-and 18-amino-acid peptides termed Rhau16 and Rhau18 respectively, containing the RSM motif, were the shortest peptides capable of binding to T95-2T. NMR spectra also show the binding of T95-2T with Rhau16, Rhau18 and Rhau53 (SI Appendix, Fig. S8 ). Rhau18 and Rhau53 exhibit similar spectral changes upon DNA binding (SI Appendix, Fig. S8; Fig. S9 ). Like Rhau53, Rhau18 binds specifically to parallel G4, but not non-parallel G4 and duplex DNA, as observed by gel electrophoresis (SI Appendix, Fig. S10) .
NMR solution structure of Rhau18
The solution structure of Rhau18 ( Table 3 for statistics) was determined by using standard triple-resonance NMR techniques (see Methods). It presents a L-shaped structure (Fig. 2B) , containing an α-helix spanning from Gly5 to Ala17 with a hydrophobic core that comprises Leu7, Ile12 and Trp15 (SI Appendix, Fig.  S11 ).
NMR solution structure of a Rhau18-G4 complex Addition of Rhau18 into T95-2T (at the 1:0.5 DNA/peptide ratio) resulted in the appearance of a new set of peaks in the DNA imino proton spectrum (Fig. 3A) . Signals belonging to DNA in the Rhau18-T95-2T complex were assigned through chemical exchange ( Fig. 3C) with those of the previously assigned free T95-2T (27) . NMR data (Fig. 3A,C) indicated that T95-2T maintained its three-layered propeller-type parallel G4 upon protein binding (Fig. 3B) .
A complex between 15 N, 13 C-labeled Rhau18 and an excess of unlabeled T95-2T was formed. 15 N, 13 C and 1 H resonances for Rhau18 in the complex were assigned using standard tripleresonance experiments (SI Appendix, Fig. S12 ). 47 intermolecular NOEs cross-peaks were identified between Rhau18 and T95-2T (Fig. 3D and SI Appendix, Fig S13) .
In the solution structure of the Rhau18-T95-2T complex ( Fig. 4; Table 4 for statistics), both Rhau18 and T95-2T retained their overall initial structures (SI Appendix, Fig. S14 ). Rhau18 binds to the 5'-end G-tetrad of T95-2T, projecting the first two thymine bases outwards (Fig. 4) . The N-terminal residues of Rhau18 are oriented away from T95-2T, while the C-termimal residues were found to be close to a medium groove of DNA (Fig. 4C) . The top G-tetrad is almost entirely covered by the peptide (Fig. 4D) . The CH/π and CH 3 /π-stacking interactions are observed between peptide residues (Gly9, Ile12, Gly13 and Ala17) and DNA guanine bases (G3, G7, G11 and G15) of the 5'-end G-tetrad ( Fig. 4E; SI Appendix, Fig. S15) . The positively   273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339 341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408 Submission PDF charged side-chains of Lys8, Arg10, and Lys19 are each located above a groove; electrostatic interactions are favored by the close proximity between these residues and the phosphate groups of G16, G4 and G8/G12, respectively (Fig. 4F) .
Binding of a second peptide molecule At the 1:2 DNA/peptide ratio NMR proton spectrum shows one set of peaks for DNA and two for the peptide (SI Appendix, Fig. S16A) , consistent with the formation of a second complex containing two peptide molecules and one DNA molecule. Imino protons of DNA in the new complex were unambiguously assigned using site-specific 15 N-labeled samples (SI Appendix, Fig.  S16C ). Highly similar intermolecular NOE patterns between the two peptides and DNA (Fig. 5A) suggest the same mode of interaction. NOE data indicate that the second peptide molecule binds at the bottom 3'-end G-tetrad of T95-2T (Fig. 5) . The binding at the 3'-end occurs at a higher peptide concentration than the binding at the 5'-end, indicating a lower affinity for the 3'-end bottom site (SI Appendix, Fig. S16 ). This difference in affinities might be related to different arrangements of the backbone and orientations of the sugars between the 5'-and 3'-end G-tetrads (31) . In principle, the full-length RHAU should be able to recognize both the 5'-and 3'-end, however it remains to be established if the protein can bind the two ends simultaneously and how this binding assists in resolving G4 structures.
Exposed G-tetrad is determinant for G4 specific recognition by RHAU
The size and shape of the RHAU binding motif match well with the unique geometry of a G-tetrad. The peptide covers the exposed hydrophobic G-tetrad and clamps the G4 structure using 3-anchor-point electrostatic interactions (between three positively charged amino acids and phosphate groups). Our structure explains how RHAU specifically recognizes different parallel G4s based on their G-tetrad accessibility at the 5'-end (e.g. T95-2T, CEB25, and PU24T) or 3'-end (e.g. T95-2T, TERC18, CEB1, and 93del) ( Table 2 and SI Appendix, Fig. S3 ). In non-parallel G4s, G-tetrads are generally covered by different types of loops, which would sterically hinder protein binding. RHAU-G4 recognition might be more directly associated to an exposed G-tetrad rather than a specific G4 topology (parallel vs. non-parallel). It should be noted that a left-handed parallel G4 structure with well-covered terminal G-tetrads has been recently reported (32) ; on the other hand, the formation of a non-parallel G4 with exposed G-tetrad might be possible.
The G4 binding mode of RHAU is strikingly similar to that of most small molecules selected for specific G4 binding (33) , which occur through stacking interactions on the terminal G-tetrads and electrostatic interactions with the phosphate backbone. However, as opposed to RHAU, most small molecules do not distinguish between different G4 conformations, probably due to their small sizes allowing them to be accommodated on a terminal G-tetrad even in the presence of loops.
Binding to an exposed G-tetrad represents a simple and efficient way to specifically target G4 structures -a strategy that could also be adopted by other G4-binding proteins. Based on this work, the binding domain can be modified to modulate the affinity and specificity to parallel G4s, and possibly also other G4 conformations. The G4 binding motif can be engineered in other proteins to achieve G4-specific functions, such as regulation of gene expression.
METHODS
Sample preparation
Unlabeled and 4% site-specific 15 N-labeled DNA and RNA oligonucleotides were chemically synthesized on an ABI 394 DNA/RNA synthesizer. UV absorbance at 260 nm was used to determine the oligonuleotide concentrations. TAMRA/FAM-labelled DNA sequences were purchased from Integrated DNA Technologies (IDT) or AITBiotech. Synthetic peptides were purchased from the Peptide Synthesis Core Facility, School of Biological Sciences (SBS), Nanyang Technological University (NTU). Detailed procedures for the protein expression and purification are described in the SI Appendix.
Gel electrophoresis All the polyacrylamide native gels were run using 10% -20% of acrylamide (37.5:1 acrylamide/bis ratio) at 4 or 25°C, 90 -120 V, for 50 -120 min. Fluorescence-labeled DNAs were visualized using UV transilluminator. Unlabeled DNAs were visualized using UV shadowing. All the gel images were analyzed using ImageJ software.
NMR spectroscopy and structure calculation NMR experiments were performed on 600 and 700 MHz Bruker spectrometers at 15, 25 or 37°C. Concentrations of the free and bound proteins were typically between 0.1-1 mM, in 10 -70 mM KCl, 10 -20 mM potassium phosphate (pH 6.5) and 5-10% D 2 O. Detailed procedures for resonances assignments and structure calculation are described in the SI Appendix.
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